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SUMMARY 


An investigation has been conducted in the static-test facility of the Langley 
16-Foot Transonic Tunnel to measure static-pressure distributions inside a nonaxi- 
symmetric thrust-reversing nozzle. The tests were made at nozzle total pressures 
ranging from ambient to about eight times ambient pressure at a free-stream Mach 
number of zero. Tabulated pressure data are presented. Results of the investigation 
show that the surface static pressures inside the nozzle are highly three-dimensional 
in character. The sonic line in the nozzle reverser port was highly inclined, caus- 
ing significant losses in discharge coefficient. 


INTRODUCTION 

The mission requirements for the next generation of fighter airplanes will 
necessitate a highly versatile vehicle capable of operating over a wide range of 
flight conditions. The airplane will probably be required to have STOL (short take- 
off and landing) capabilities in order to operate from bomb-damaged airfields. 
According to reference take-off and landing distances of less than 366 m are fea- 
sible if some form of propulsive lift or thrust reversing is used. In addition, the 
airplane will most likely be required to have maneuver capabilities equal to or 
greater than current fighter airplanes. However, the design and integration of the 
power plant and multifunction nozzles to provide these required capabilities is a 
difficult problem. 

In recent years, many experimental studies have been made to determine static, 
low-speed, and flight performance of thrust-reversing nozzles. (See refs. 1 
through 14, for example. ) Both axisymmetric and nonaxisymmetric nozzle concepts have 
been studied. The primary benefit of the nonaxisymmetric nozzle is its versatility. 
Thrust-reversing and thrust-vectoring capabilities can be incorporated in this type 
nozzle with lower weight penalties than for conventional "round” nozzles. (See 
ref . 2 . ) 


Although the large and expanding experimental data base provides overall per- 
formance characteristics of thrust-reverse r nozzles, little is known about the flow 
inside the nozzle. The development of improved thrust-reverser concepts requires 
that an understanding of the flow phenomena inside the nozzle be developed. In addi- 
tion, in order for the designer to be able to rapidly develop and assess new design 
concepts, accurate analytical methods must be developed to predict the flow inside 
the nozzle, and to predict the performance characteristics of thrust-reversing noz- 
zles. The development of these analytical techniques also requires that the theore- 
tician have an understanding of the flow processes inside the nozzle. 

The purpose of the present investigation is, therefore, to provide detailed 
static-pressure measurements of the flow inside a two-dimensional convergent- 
divergent nozzle operating in the thrust-reversing mode. The nozzle configuration 
selected for the present investigation was one of several previously tested by Re and 
Leavitt (ref. 14) to obtain thrust- and discharge-coefficient data. The present 
investigation was conducted in the static-test facility of the Langley 16-Foot 



Transonic Tunnel. The measurements were made at nozzle total-pressure ratios from 
jet off to about 8.0 with the free-stream Mach number equal to zero. 

SYMBOLS 

F measured thrust along body axis 

ideal isentropic gross thrust (see ref. 14) 
p local static pressure 

p^ ambient pressure 

Pi. ^ jet total pressure 

s axial coordinate (see fig. 2) 

t vertical coordinate (see fig. 2) 

ideal isentropic weight flow (see ref. 14) 

Wp measured weight flow 

X coordinate parallel to blocker face (see figs. 5(b) and 5(c)) 

y coordinate perpendicular to nozzle sidewall (see fig. 5(a)) 

z coordinate perpendicular to blocker face (see fig. 5(c)) 

Abbreviations 

NPR nozzle total-pressure ratio, p. ./p 

t / j a 

Sta station 

2-D two-dimensional, as in 2-D nozzle (in reality, the 2-D nozzle is 

rectangular) 


APPARATUS AND METHODS 
Static-Test Facility 

This investigation was conducted in the static-test facility of the Langley 
16-Foot Transonic Tunnel. The testing was done in a room where the jet could exhaust 
to atmosphere through an open doorway. This facility utilizes the same clean, dry- 
air supply as that used in the Langley 16-Foot Transonic Tunnel and a similar air- 
control system, including valving, filters, and a heat exchanger (to operate the jet 
flow at constant stagnation temperature) . Data taken in this facility are recorded 
on the Langley 16-Foot Transonic Tunnel 128-channel, magnetic-tape data acquisition 
system. More details of this data acquisition system are in reference 15. 
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Single-Engine Propulsion Simulation System 


Figure 1 is a sketch of the single-engine, air-powered, propulsion simulation 
system on which various nozzles can be mounted for testing in the static-test facil- 
ity. This propulsion simulation system, which is also used in the Langley 16-Foot 
Transonic Tunnel, is described in detail in reference 15. For tests in the static- 
test facility, the body shell forward of station ( Sta. ) 52.07 cm is removed. 

An external high-pressure air system provided a continuous flow of clean, dry 
air at a controlled tenperature of about 300 K. Ihis air, at pressures up to approx- 
imately 8 atm (1 atm = 101.3 kPa) , was brought through a dolly-mounted support strut 
by six tubes which connect to a high-pressure plenum chamber. As shown in figure 1, 
the air was then discharged into the model low-pressure plenum normal to the model 
axis through eight multiholed sonic nozzles equally spaced around the high-pressure 
plenum. This air injection method was designed to minimize any forces imposed by the 
transfer of axial momentiom as the air is passed from the nonmetric high-pressure 
plenum to the metric (mounted to a force balance) low-pressure plenum. Two flexible 
metal bellows are used as seals and serve to conpensate for axial forces caused by 
pressurization. 

The air was then passed from the low-pressure plenum (circular in cross section) 
through a transition section, choke plate, and instrumentation section. The transi- 
tion section provided a smooth flow path for the airflow from the round low-pressure 
plenum to the rectangular choke plate and instrumentation section. The instrumenta- 
tion section had a flow-path width- to-height ratio of 1.437 and was identical in 
geometry to the nozzle airflow entrance. The nozzle was attached to the instrumenta- 
tion section at model station 104.47 cm. 


2-D Thrust-Reverser Nozzle 

A sketch providing details of the 2-D thrust-reverser nozzle is presented as 
figure 2, and figures 3 and 4 are photographs of the nozzle configuration. This 
thrust-reverser nozzle is configuration R2 of reference 14 and is representative of 
the thrust-reverser arrangement for all the dry-power, 2-D, convergent-divergent 
nozzles tested in reference 14. The reverser port of the 2-D, thrust-reversing noz- 
zle used in the present investigation was inclined forward 30° and had a throat 
aspect ratio of 6.084. The internal width of this rectangular nozzle was 10.160 cm. 


Instrumentation 

Jet total pressure was measured at a fixed station in the instrumentation sec- 
tion (see fig. 1) by means of a four-probe rake through the upper surface, a three- 
probe rake through the side, and a three-probe rake through the corner. The nozzle 
pressure ratio (NPR) was determined by averaging these measurements. A thermocouple, 
also located in the instrxjmentation section, was used to measure jet total tenpera- 
ture. Sixteen internal static-pressure orifices were located on the nozzle flap in 
the reverser port. (See figs. 3 and 5(a).) Twelve static-pressure orifices were 
located on the internal surface of the flap. (See fig. 5(a).) Thirty-six static- 
pressure orifices were located on the blocker (fig. 5(b) ) , and 60 static-pressure 
orifices were located on the sidewall (figs. 4 and 5(c)). Coordinates of the static- 
pressure orifice locations are given in table I. 
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Test Procedure 


Data were obtained in the static-test facility at static conditions (f ree-stream 
Mach number of 0) • The ratio of jet total pressure to free— stream ambient pressure 
NPR was varied from jet off (NPR = 1.0) to approximately 8.0. The stagnation terrper- 
ature of the jet flow was held at approximately 300 K. 


Data Reduction 

All data were recorded on magnetic tape using the Langley 16-Foot Transonic 
Tunnel data acquisition system. At each test point, approximately 50 samples of data 
were recorded at a rate of 10 sarrples per second. The samples were averaged, and the 
averaged values were used for all conputations. 


RESULTS AND DISCUSSION 

Internal static-pressure data are presented in table II. Typical internal 
static-pressure distributions are presented in figures 6 through 11. Thrust- and 
discharge-coefficient data measured by Re and Leavitt (ref. 14) are presented as a 
function of nozzle pressure ratio in figure 12. 

The effects of nozzle pressure ratio (NPR) on the static pressures on the nozzle 
sidewall are shown in figure 6. In general, it can be seen that there are only small 
effects of NPR on the sidewall pressures until x exceeds approximately 4.5 cm, 
which is well up into the reverser port. This sensitivity to NPR occurs primarily in 
regions of the nozzle where the flow is supersonic (i.e. , where p/p^ * less than 

0.5283). There is also a significant variation of the static pressure^across the 
reverser port on the sidewall. (See figs. 7 and 8.) At values of x greater than 
approximately 3.5 cm, the sidewall pressures change with both z and NPR. The large 
differences in static pressure are associated with the rapid turning of the flow 
around the flap lip. As can be seen in figure 8, however, upstream of the blocker 
face about 2 cm, where the velocity is very low (i.e., where P/P^ • is close to 
one) there is very little effect of NPR or spatial location on the' sidewall 
pressures. 

Figure 9 is a contour plot of the static pressures on the nozzle sidewall for a 
nozzle pressure ratio of 5.0. Re and Leavitt in reference 14 show that discharge 
coefficient for this thrust-reversing nozzle varies significantly with nozzle 

pressure ratio up to 3.0 and is very low at nozzle pressure ratios above 3.0. (See 
fig. 12.) The low discharge coefficients for nozzle pressure ratios above 3.0 may be 
associated with flow nonuniformity. This nonuniformity is indicated by the highly 
inclined sonic line shown in the pressure contours on the sidewall. (See fig. 9.) 

The low discharge coefficient may also be associated with flow separation due to the 
120® turn around the sharp lip. The failure of the pressures at z = 1.473 on the 
sidewall (fig. 7) to continue to decrease beyond x « 5. 0 cm at NPR = 2.0 and 3.0 
is evidence that separation may have occurred. Also, there are indications of a 
strong shock (fig. 6(b)) at x » 5. 5 cm in the center of the reverser port. This 
shock wave may also be responsible for the low discharge coefficients. 

The three dimensionality of the flow in the reverser port is evident from the 
blocker-face pressure distributions shown in figure 10 and from the pressure distri- 
butions on the flap in the reverser port shown in figure 11. There is a small region 
of essentially constant pressure near the reverser-port centerline. However, as the 
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sidewall is approached, the flow becomes very three-dimensional in character. These 
results have strong implications for the development of theoretical methods for pre- 
dicting thrust-reverser performance. Theoretical calculations of the flow in 2-D 
nozzles operating in the normal forward-thrust mode have shown that as long as the 
nozzle sidewalls are essentially parallel, 2-D analytical methods can be used to 
provide a reasonable estimate of the nozzle flow. (See refs. 16 and 17, for 
example. ) However, the results of the present investigation indicate that any method 
developed to coirpute the detailed flow in a 2-D nozzle operating in the reverse- 
thrust mode needs to account for the three-dimensionality of the flow. 


CONCLUSION 

An investigation has been conducted in the static-test facility of the Langley 
16-Foot Transonic Tunnel to measure the static pressure inside a two-dimensional 
thrust-reversing nozzle. The tests were made with one nozzle configuration operating 
at nozzle pressure ratios from jet-off to about 8.0. Free-stream Mach number was 
zero. The results of the investigation showed significant three-dimensional varia- 
tions of the pressure in the reverser port. This nozzle configuration had a highly 
inclined sonic line and evidence of separated flow at nozzle pressure ratios 
below 3.0. As a result, the nozzle had a very low discharge coefficient at all 
nozzle pressure ratios. From the variations in the surface pressures shown in this 
investigation, it is most likely that theoretical methods developed to predict the 
flow characteristics of thrust-reversing nozzles will have to be three-dimensional. 


Langley Research Center 

National Aeronautics and Space Administration 
Hartpton, VA 23665 
October 21, 1983 
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TABLE I 


Concluded 


(b) Blocker (see fig* 5(b) ) 
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(c) Flap reverser port surface (see fig. 5(a) ) 
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(d) Flap internal surface (see fig. 5(a)) 
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TABLE II.- INTERNAL STATIC PRESSURES 


(a) Blocker static-pressure ratio p/p+ 


y = 0.635 cm 


1.0 

1.004 

1.000 

1.000 

1.003 

1.002 

1.001 

1.000 
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1.003 

.997 
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3.0 

1.003 
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.996 
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1.004 
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Figure 2.- Details of 2-D convergent-divergent thrust-reversing nozzle. Internal 
width of nozzle is 10.160 cm. All dimensions are in centimeters unless otherwise 
noted. 
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(a) Upper flap. 

Figure 5.- Sketches showing typical nozzle internal static-pressure instrumentation 

Exact orifice locations are given in table I. 
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(a) z = 0.203 cm. 

Figure 6.- Effect of nozzle pressure ratio on sidewall pressures. 
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Figure 6.- Continued. 
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(c) z = 1.473 cm. 
Figure 6.- Concluded. 
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(a) NPR = 2.0. 

Figure 7.- Variation of sidewall pressures with x. 
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(b) NPR = 3.0. 

Figure 7.- Continued. 
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(c) NPR = 5.0. 
Figure 7.- Continued. 
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(d) NPR =8.0. 
Figure 7.- Concluded. 
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z, cm 


(a) NPR = 2.0. 


Figure 8.- Variation of sidewall pressures with z 
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Figure 8.- Continued. 
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Figure 8*- Continued. 
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(d) NPR = 8.0. 
Figure 8.- Concluded. 
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y, cm 


(a) NPR = 2.0. 

Figure 10.- Variation of blocker-face pressures with y. 
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Figure 10.- Continued. 
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(c) NPR = 5.0. 


Figure 10«- Continued. 
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Figure 10.- Concluded. 


37 







X, cm 


O 6.706 
□ 6. 198 

O 5. 690 



0 1 2 3 4 5 6 

y, cm 


(a) NPR = 2.0. 

Figure 11.- Variation of pressures in reverser port on flap with y. 
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Figure 11.- Continued. 
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Figure 11.- Continued. 
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Figure 11.- Concluded. 
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Figure 12.- Thrust and discharge coefficient for the thrust- reversing nozzle 

from Ke and Leavitt (ref. 14). 
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